One readily observable indication of the physiological state of a bacterial population is its size. For routine analysis optical or electrical resistance methods must be used to obtain size distributions. The advantages of the electrical resistance methods over optical methods have been discussed by Kubitschek (5) .
The theory and operation of Coulter counters using the electrical resistance method have been detailed elsewhere (7, 10) . The instrument has a small aperture with a constant current flow across it. The passage of a nonconducting particle suspended in a conducting solution through the small aperture results in a change in resistance across the aperture. This resistance change is measured as a voltage change. Kubitschek (5, 7) has shown that, for particle volumes less than one-tenth of the aperture volume, the resulting amplitude of the signal is directly proportional to the particle volume.
However, many effects, examined elsewhere (3, 7, 10, 11) , can cause a large distortion in the size distribution of monosized particles obtained from the unmodified instrument. Harvey and Marr (3) have attributed the distortion largely to coincidence effects. They have suggested corrections by sampling at low counting rates or by differentiation and integration of the pulses. Kubitschek (6, 7) has made his own apertures which are much thicker than the commercially available apertures. These apertures give much improved resolution because the particle time duration within the aperture is long enough to allow the pulse of the particle to reach a plateau. Variation in particle residence time due to fluid flow patterns then has no effect on the final pulse amplitude measured. Spielman and Goren (11) used a hydrodynamic focusing unit with the unmodified Coulter counter to improve resolution. Their technique results essentially in injecting all the particles in the same streamline so that all particles have nearly the same residence time in the aperture.
The focusing technique is the simplest one to employ and does not suffer from some of the disadvantages of the other two methods. However, the focusing method does require larger sample sizes (at least five times as much) than the other methods, which makes it less suitable for use with small batch cultures.
For example, the thick aperture used by Kubitschek greatly increases coincidence effects (6) . For small bacteria, coincidence of bacteria and large background particles or other bacteria might result in broadening the distribution measured. Also, the increased coincidence would make normal counting more difficult.
The electronic pulse shaping of Harvey and Marr (3) requires more elaborate equipment than our device. Also, their method makes no attempt to directly correct for flow variations across the aperture which may cause the electronic size of a particle to vary by as much as a factor of two (7 A hydrodynamic focusing unit has been previously described by Spielman and Goren (11) . Our unit is a slight modification with about 18 cm of liquid head and no tube-stopper arrangement. A holder which attached to the top part of the aperture tube with a slot for the focusing unit was used. This arrangement allowed the experimenter to remove the focusing unit for sample changes and realign it reproducibly.
The two 30-jim orifices were maintained about 2 mm apart. A sketch of the device is given in Fig. 1 .
All samples were prepared in "saline" (0.6% NaCl and 0.02% disodium ethylenediaminetetraacetic acid MgSO4.7H20, 0.10 g; NaCl, 0.010 g; K2HPO4, 3.00 g; FeSO4.7H20, 0.001 g; Na2EDTA.2H20 to 10-6 M; glucose, 0.50 g; pH 7.0 0.5, all in 1,000 ml of distilled water] for E. coli and Burk's medium (KH2PO4, 0.41 g; Na2SO4, 0.15 g; CaCl2, 0.02 g; MgSO4 7H20, 0.10 g; FeSO4 7H 20, 0-005 g; NaMoO8.2H20, 0.00025 g; K2HPO4, 0.52 g; 7.0 ± 0.5, all in 1,000 ml of distilled water) for Azotobacter uinelandii were used. Glucose in different concentrations was used as the carbon source in the Burk's medium. Media were filtered through 1.2-jm membrane filters (Millipore Corp.).
In a typical run, the bacterial sample was diluted in saline (dilution dependent on cell concentration and the width of size distribution) and placed in the focus tube prerinsed with clean saline. The 30-jim orifices were visually centered on each other. Constant pressure was maintained by leaving the stopcock open or pulling the mercury into the bulb below the counting section and closing the stopcock.
Background runs were made and background levels were subtracted from the experimental ones. When a major peak was in channel 2, a determination was made with the addition of larger latex particles to insure that none of the cells were appe'aring in channel 1 which normally had very high background counts. The particles were mixed at a known sample-latex ratio. The mixture was sized and peak area ratios were compared to the sample-latex ratio. Sample loss, if any, could be determined in this manner.
The data was obtained as a histogram and was analyzed for the mean channel position and the width at one-half peak height. The mean channel location (i.e., relative pulse height) was calculated from the following formula x = (1/nT) Z xi n, _.%4 (1) where i = mean channel number, nT = total of peak heights, xi = channel number i, n, = peak height registered at channel i, M = flrst channel registering 3cm a peak, and N = last channel registering a peak. RESULTS
Since the data is obtained as a histogram, some caution is required in the interpretation of the results as presented in the graphs. The graphs in this section are drawn so that the bar height is represented as a single point centered at the appropriate channel number. This was done to allow a clearer representation of X several size distributions on the same graph. Also, due to the finite width of each channel a curve drawn under the above conventions would have a width at half peak height of one channel unit (4 threshold units) for a nondis-torted distribution of a monosized particle. Figure 2 shows the effect of hydrodynamic focusing on the size distributions obtained from 1.099-Am latex particles. The width at one-half peak height was 1.7 times greater for the unfocused distribution. Similar results were obtained for 0.796-and 1.856-um particles.. Also note should be made of the time independence of the focus distribution. The mean peak position is reproducible within 1% if the same aperture tube is used. Figure 3 shows the effect of concentration within the focusing unit on the final size distribution. Concentrations from 2.3 x 108f to 8.8 x 106 particles/ml gave almost identical curves. Decreases in concentration from the above level caused a broadening of peak width and a slight increase in the mean channel number locating the peak. At 1.2 x 105 particles/ml the mean peak position was 4.32 rather than 4.15 for high particle concentration. Width at one-half peak height was 1.45 times greater for the 1.2 x 105 particle/ml concentration than for the higher concentrations. The small doublet tended to be smeared at lower concentrations. Due to the thinning effect of the focusing unit, the counter orifice sees a solution whose concentration is only a few percent (11) unit. Experiments with the effect of particle concentration on the unfocused condition showed no large variance for particle concentrations of 105 to 5 x 105 particles/ml. The lower concentrations gave somewhat poorer resolution.
A typical measurement of the size distribution of agglutinated latex particles (1.099 ,m) with and without focusing is presented in Fig.  4 . Note the much improved resolution obtained with the focusing unit. When working with mixtures as in Fig. 4 to obtain calibration curves, the mean peak position of particles was slightly shifted to higher channel numbers. Matthews and Rhodes (9) have also reported a similar effect for small particles in the presence of large particles. The shift was an apparent increase of volume of 2 to 6%. Calibration curves were largely constructed from the measurements of these mixtures.
A summary of calibration curves for different Coulter settings is given in Fig. 5 . These curves apply only to the aperture tube for which the measurements were made. An equation has been proposed by Mercer to predict the threshold of appearance of a particle at any Coulter setting (8) . A linear relation with particle volume is predicted and was found here. His data suggested that this equation might be satisfactory only for particles greater tivity of the fluid in the streamline carrying the particles will be different from the conductivity of fluid entering the aperture from other streamlines. This conductivity difference can result in a shift of the mean peak position. For A. vinelandii in Burk's medium it was necessary to add filtered medium to the usual saline to match the ionic strengths.
The above experiments with both cells and latex particles indicate that the number ratio of two particles of different sizes can be obtained within about 5% by ratios of the peak areas of the particles obtained from focused size distributions.
DISCUSSION
Sizing of bacteria using the Coulter counter and hydrodynamic focusing offers speed and reasonable accuracy. The cell number and focused size distribution can be obtained within 15 to 20 min. This speed makes its use attractive for routine application. The unmodified Coulter counter system offers size resolution that is too poor to always be useful.
Our results with latex particles are similar to those obtained by Spielman and Goren (11) except the size of particles used here is smaller. In both cases a great increase in resolution was obtained.
The work with bacteria suggests two interesting possibilities. First, with focusing it is possible to quantitatively enumerate two bacterial populations when their mean sizes are somewhat different (0.82 ,um3 versus 0.25 Um3). Without focusing it would be difficult to do total cell counts for each bacteria. The second possibility is that, if cell number and mean size are known, it is possible to assign values of "total cell volume" to each bacterium. The "total cell volume" is related to cell mass and number of cells, and a correlation to dry weight for exponentially growing cells can be obtained. The above ideas might make it possible to work with some mixed populations whose closeness in size has prevented their earlier use. Also the ability to rapidly assign biomass values to each species of a population can allow the development of different types of mathematical models for the growth of mixed populations.
Many investigators have been interested in the size distribution of bacteria for the statistical analysis of growth or the measurement of the onset of deoxyribonucleic acid synthesis. Early work was begun by Henrici (4) who optically sized bacteria and used size information in studying bacterial growth. Aiba and Endo (1) and others have used the unmodified Coulter counter to obtain the volume distribution of A. vinelandii in the measurement of their growth rate. The use of hydrodynamic focusing would be beneficial in this type of analysis.
The sensitivity of these experiments could be improved with a pulse analyzer with more channels. Electrical modifications as proposed by Mercer (9) and done by Harvey and Marr (3) and Edwards and Wilke (2) could result in increased resolution, although the required expenditure might make it more costly. ACKNOWLEDGMENT This work was supported by National Science Foundation GI-grant 28874 Xl.
